The recently synthesized and isolated lowcoordinate Fe V nitride complex has numerous implications as a model for high-oxidation states in biological and industrial systems. The trigonal [PhB( t BuIm) 3 Fe V N] + (where (PhB-( t BuIm) 3 − = phenyltris(3-tert-butylimidazol-2-ylidene)), (1) low-spin d 3 (S = 1/2) coordination compound is subject to a Jahn−Teller (JT) distortion of its doubly degenerate 2 E ground state. The electronic structure of this complex is analyzed by a combination of extended versions of the formal two-orbital pseudo Jahn−Teller (PJT) treatment and of quantum chemical computations of the PJT effect. The formal treatment is extended to incorporate mixing of the two e orbital doublets (30%) that results from a lowering of the idealized molecular symmetry from D 3h to C 3v through strong "doming" of the Fe−C 3 core. Correspondingly we introduce novel DFT/CASSCF computational methods in the computation of electronic structure, which reveal a quadratic JT distortion and significant e−e mixing, thus reaching a new level of synergism between computational and formal treatments. Hyperfine and quadrupole tensors are obtained by pulsed 35 GHz ENDOR measurements for the 14/15 Nnitride and the 11 B axial ligands, and spectra are obtained from the imidazole-2-ylidene 13 C atoms that are not bound to Fe. Analysis of the nitride ENDOR tensors surprisingly reveals an essentially spherical nitride trianion bound to Fe, with negative spin density and minimal charge density anisotropy. The four-coordinate 11 B, as expected, exhibits negligible bonding to Fe. A detailed analysis of the frontier orbitals provided by the electronic structure calculations provides insight into the reactivity of 1: JT-induced symmetry lowering provides an orbital selection mechanism for proton or H atom transfer reactivity.
■ INTRODUCTION
The reaction mechanism of nitrogen "fixation" by nitrogenase enzymes, involving cleavage of the very strong and nonpolar NN bond to generate two NH 3 molecules under ambient conditions, has been a topic of intense interest for many decades. 1, 2 Inspired by the structure of the nitrogenase activesite metallocluster, the iron−molybdenum cofactor (FeMo-co), this has led to a strong interest in the synthesis and characterization of transition-metal complexes of Fe and Mo that bind N 2 and intermediates of N 2 reduction and can even catalyze the production of NH 3 . 3, 4 The trigonal Schrock Mo c o m p l e x 5 [ H I P T N 3 N ] M o ( N 2 ) = [ ( 3 , 5 -(2,4,6-i Pr 3 C 6 H 2 ) 2 C 6 H 3 NCH 2 CH 2 ) 3 N]Mo(N 2 ) (2) catalyzes N 2 reduction by a "distal" pathway 6 in which three hydrogenations at a single N of bound N 2 , followed by N−N bond cleavage, generates one molecule of NH 3 along with a terminal metal nitride [MN] ; three subsequent hydrogenations then form the second NH 3 molecule. The appearance of a metal nitride in one proposed mechanism for nitrogen fixation by nitrogenase links these synthetic efforts to investigations of the Haber−Bosch process for nitrogen fixation, which celebrated its centenary as an industrial process last year and which utilizes an Fe catalyst whose mechanism has been shown to involve iron nitride intermediates. 7 Peters and co-workers have recently synthesized two similar trigonal tris-triphosphino Fe I complexes that likewise catalyze N 2 reduction, but characterization of their reaction pathways is not yet completed. 8 Recently an Fe V N complex, [PhB( t BuIm) 3 Fe V N] + (where PhB( t BuIm) 3 − = phenyltris(3-tert-butylimidazol-2-ylidene)), has been shown to generate high yields of ammonia under very mild conditions, using water as the proton source. 9 In contrast to 4-fold symmetry, where some transient Fe V N complexes 10, 11 have been spectroscopically characterized, ligands that enforce three-fold symmetry allow for the isolation of four-coordinate, diamagnetic Fe IV N complexes 12−17 as well as this paramagnetic species, the first Fe V N complex (1, Figure 1 ) to be isolated and which has relevance to possible intermediates in nitrogen fixation. 9 This Fe V N complex serves as a spectroscopic marker for the possible nitride intermediate of the proposed "distal" pathway of nitrogen fixation by nitrogenase as well as serving as a model for the established intermediate of the Haber−Bosch process.
Beyond these connections to nitrogen fixation, compound 1 is of intrinsic interest. The d 3 , Fe V center of 1 has an idealized trigonal pyramidal geometry and is therefore susceptible to a Jahn−Teller (JT) distortion as observed in other d 3 S = 1/2 metal centers with idealized C 3v symmetry. 18, 19 The 35 K X-ray crystal structure shows that 1 does exhibit the expected deviations from the idealized C 3v symmetry, with a B−FeN angle of 173.6°. Correspondingly, Scepaniak et al. 9 showed by DFT computations that the degenerate 2 E ground state is slightly split, resulting in a corresponding splitting of the lowlying d(x 2 −y 2 ) and d(xy) Fe d orbitals. Beyond this, the trigonal ligand field generated by the tridentate ligand creates a d orbital pattern that plays a significant role in stabilizing a low spin state of the Fe V center. 20 In view of the relevance of 1 to intermediates in catalytic nitrogen fixation and its intrinsic importance in understanding the electronic and vibronic structure of such JT-active, orbitally degenerate states, as enhanced by previous reports that indicate unusual bonding interactions in four-coordinate iron nitride complexes, we have investigated the electronic structure of 1 by EPR and ENDOR spectroscopies in combination with detailed electronic structure calculations. Interpretation of the g tensor of 1 has been made within the context of a first-order "pseudo Jahn−Teller" (PJT) formalism that treats the vibronic JT effect in parallel with spin-orbit coupling (SOC). However, this complex possesses an extremely strong vibronic coupling, much stronger than the SOC, that severely warps the ground state adiabatic potential energy surface (APES), and is reflected in the low-symmetry distortion (C 3v → C s ) that is observed crystallographically. A key element in the large JT distortion is strong mixing of the d(xz)/d(yz) and d(x 2 − y 2 )/d(xy) orbital doublets (e−e mixing) that occurs because the idealized symmetry of this trigonal complex is not D 3h , which exhibits pure doublets, but is lowered to ∼C 3v . This phenomenon is central to the analysis of the PJT effect, and both are included for the first time in the formal treatment and are analyzed in detail with DFT computations. Analyses of the 14 N quadrupole and hyperfine couplings of the nitride ligand in 1 support a surprising picture in which the Fe V ion binds an essentially spherically symmetric nitride trianion.
■ MATERIALS AND METHODS
Sample Preparation. The [PhB( t BuIm) 3 Fe V N]BAr F24 (PhB-( t BuIm) 3 − = phenyltris(3-tert-butylimidazol-2-ylidene; BAr F24 = B(3,5-(CF 3 ) 2 C 6 H 3 ) 4 − ) complex was prepared as described previously. 9 A 50% 15 N enrichment of the nitride of the Fe IV precursor complex was accomplished using Na 15 NNN as the nitrogen atom source. Each 14/15 N product was chemically oxidized, decanted, washed, and dried as previously described. 9 The final desired product was dissolved in the desired amount of 2-methyltetrahydrofuran in custom quartz EPR tubes and frozen at 77 K under a N 2 atmosphere.
EPR and ENDOR. Q-band (∼35 GHz) ESE-EPR and ENDOR spectra were collected at 2 K on custom-built instruments previously described. 21−23 Pulsed ENDOR experiments employed either the Mims (π/2 − τ − π/2 − T − π/2 − τ − echo) or the Davies (π − T − π/2 − τ − π − τ − echo) microwave pulse sequence, in which the rf pulse is applied during time period T. 24 All pulse experiment data acquisition was performed with the SpecMan software package 25 (http://specman4epr.com) in conjunction with a Spin-Core Pul-seBlaster ESR_PRO 400 MHz word generator and Agilent Technologies Acquiris DP235 500MS/sec digitizer.
The ENDOR spectrum for a single molecular orientation from a nucleus with spin of I = 1/2 ( 13 C, 15 N) and from the m s = ± 1/2 electron-spin manifold exhibits a doublet at frequencies:
where v n is the nuclear Larmor frequency and A is the orientationdependent hyperfine coupling. When I ≥ 1 ( 11 B, 14 N), an first-order orientation-dependent nuclear quadrupole interaction (P) introduces further splitting of the v ± ENDOR lines into manifolds, each with 2I peaks, at frequencies:
for the transition, m I ↔ m I − 1 when P ≪ |v I ± A/2|. Procedures for determining hyperfine and quadrupole tensors through analysis of the 2D field-frequency pattern of ENDOR spectra collected at multiple fields across the EPR envelope are well established. 26−29 EPR and ENDOR simulations were performed in Matlab with the easyspin (v4.5) toolbox. 30 Absolute hyperfine coupling signs were determined with the Pulsed ENDOR SaTuration and REcovery (PESTRE) protocol. 31−33 This protocol determines the sign of A/g n by the application of multiple Davies ENDOR sequences in three stages. The first stage, without rf, saturates the EPR signal and establishes the baseline (BSL). In the second stage, the ENDOR response is saturated by the application of a single rf frequency applied during multiple Davies pulse sequences. The responses of the third stage, again without rf, generate a time varying "dynamic reference level" (DRL), which relaxes back to the BSL. The sign of A is determined by the sign of the difference between the DRL and BSL, termed the DRLδ. When examining the v + branch of a nucleus with g n > 0, such as 14 N, a positive DRLδ implies, A < 0, a negative DRLδ implies, A > 0; for a nucleus with g n < 0, such as 15 N, the opposite is true.
Computational Methods. DFT symmetry constrained (C 3v ) and fully relaxed geometry optimizations, relaxed surface scans, timedependent density functional theory (TD-DFT), and single-point twocomponent spin-orbit DFT (SO-DFT) calculations were performed using the ADF2012.01 code. 34 ADF DFT calculations used a triple-ζ STO basis (TZP) and the ZORA scalar relativistic Hamiltonian was used for calculations that did not employ spin-orbit coupling. Twocomponent spin-orbit single-point energy calculations were performed on the high-symmetry (C 3v ) DFT-optimized geometry. DFT-derived EPR parameters were calculated with ORCA 2.9.1 35−43 using the def2-TZVP basis and the PBE0 functional.
CASSCF/NEVPT2 (def2-SVP basis for light atoms and def2-TZVP for Fe) calculations were performed using ORCA 2.9.1 38 The initial guess orbitals were the quasi-restricted orbitals (QROs) taken from a single-point DFT (ORCA 2.9.1, PBE0, def2-TZVP) calculation on the previously DFT-optimized structure (ADF). The CAS (9, 8) active space was constructed from selected orbitals containing majority Fe and/or nitride character. The ground-state specific CASSCF calculation was performed in order to gain insight into the electronic origin of experimental hyperfine coupling parameters, spin polarization and delocalization effects, and to compare spin densities with those obtained from DFT calculations. Quasi-degnerate perturbation theory (QDPT) SOC 42,44 calculations for the determination of the molecular
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■ RESULTS AND ANALYSIS EPR and Electronic Origin of g Tensor Anisotropy. The 2 K Q-band ESE-EPR spectrum of 1 exhibits axial symmetry with g ∥ = 2.30 assigned to the direction of the FeN bond and g ⊥ = 1.98 to the Fe-tripodal unit. Simulation of this spectrum gives a substantially greater line width at g ∥ than g ⊥ (Figure 2 ), as reported previously. 9 These g values are characteristic of a d 3 Fe V , S = 1/2 ion with a doubly degenerate ground state, 2 E, that in the idealized C 3v symmetry is subject to a Jahn−Teller (JT) distortion. 45, 46 The five d orbitals in D 3h symmetry are split into two degenerate e orbital pairs and a single nondegenerate a orbital, typically with ligand field energies in the order d(z 2 ) (a; m l = 0) > [d(x 2 −y 2 ),d(xy)] (e a ; m l = ± 2) > [d(xz),d(yz)] (e b ; m l = ± 1), Scheme 1, left. However, in the presence of the strong-field electron-donating nitride/carbene ligands the order of the two e orbital doublets is reversed, leading to the ligand-field ordering indicated in Scheme 1, right. 15 As a result, an idealized Fe V (d 3 ) ion of D 3h symmetry would exhibit an orbitally degenerate 2 E′ ground state with an [e a ] 3 electronic configuration that is subject to a JT distortion by vibronic coupling to doubly degenerate e a vibrations. 45, 46 Linear vibronic coupling replaces the 2 E′ electronic degeneracy with a vibronic degeneracy in which the complex is dynamically distorted (e.g., equilateral ↔ isosceles triangle of in-plane C atoms), with the direction of the distortion "pseudorotating" around the symmetry axis. In addition, the low-spin d 3 configuration of a trigonally symmetric Fe V complex exhibits unquenched orbital angular momentum. As a result SOC competes with the JT distortion along the interaction mode coordinate. The SOC can quench the vibronic distortion, but typically only diminishes it, leading to a situation denoted as the PJT effect, in which the ground adiabatic potential energy surface (APES) takes the shape well-known as the "modified Mexican hat", Figure 3a . 45, 46 Incorporation of quadratic terms in the vibronic interaction "warp" the potential energy surface for the vibronic distortion, generating three equivalent distorted conformations that might correspond, e.g., to the three isosceles triangles formed by displacements of the C ligands, with a barrier to conversion between the three distorted conformations, Figure 3b . The crystal structure of 1 indeed shows that the trigonal symmetry is broken, with a slight but well-defined B···FeN bend (173.57(8)°) and a more common deviation of the three C−Fe−C ligand angles (96.67(9)°; 97.44(9)°; 98.16(9)°) from the equality required in trigonal symmetry possibly due to interaction with the planar −BPh group or packing interactions.
The PJT distortion and SOC lead to pronounced deviations of the g values from g e. To describe the g values of 1, its [e a 3 ] configuration can be treated as a single hole in the e a doublet, with the ground-state electronic energies and wavefunctions at the equilibrium value of the distortion. The mixing and splitting of the two components of 2 E can be described formally in terms of a dimensionless parameter, r, the ratio of the sum of the vibronic and "crystal field" matrix elements, V = V vib + V L , to a SOC parameter, λ, r = 2V/λ. This parameter λ traditionally corresponds to the ionic SOC constant, λ SOC , multiplied by a "covalency parameter", k = k 0 , defined such that (1 − k 0 ) represents the fraction of d-electron density delocalized onto the ligands; (1 − k 0 ) → 0 in the absence of covalency. For typical d-electron delocalization of (1 − k 0 ) ∼ 10%, k 0 ∼ 0.9, the ratio 2 V/λ = r fixes the energies and wavefunctions of the distorted state and is conveniently parametrized in terms of a fictitious angle, 2θ. 47
The g values for the ground Kramers doublet of the distorted [e a ] 3 state are conveniently written in terms of the fictitious angle and k:
2sin 2 (4) The angle 2θ, and thus the ratio r, can be determined from g ⊥ , and the parameter k can be determined from g ∥ . Treating the measured g values with eq 4 gives r = 7.1 and k = 0.54, and Figure 4 presents plots of eq 4 for this value of k as well as for the crystal-field limit, k = 1.0. An interpretation of the anomalously low value of k, in terms of spin occupancy on Fe clearly is nonphysical, and indeed CASSCF/NEVPT2 computations (below) suggest that the Fe spin density is in accord with k → 1.0, which is in agreement with conventional treatments of k 0 . However, this value can be understood by noting that the idealized trigonal symmetry of 1 is ∼C 3v not D 3h , and placing this in the context of a recent report that analyzes the consequences of lowering the symmetry of a trigonal metal-ion site, such as that in 1, from D 3h to C 3v . This report shows that an increase of the three X-Fe-L (X = N in 1) angles from 90°in D 3h symmetry by an angular deviation, δ ( Figure 5 ), does not change the order of the ligand-field orbitals (Scheme 1) but causes mixing of the e b orbitals into the e a orbitals (and vice versa). 48 Figure 2 . "Q-band" absorption-like ESE-EPR spectra of 50% 15 N labeled Fe V nitride complex in frozen 2-methyltetrahydrofuran is shown in black with respective simulation in red. Simulations of an axial g, g ∥ = 2.30 and g ⊥ = 1.98, with EPR line widths (measured at fwhm) of 460 and 50 G, respectively, matches the observed EPR spectrum. Insets are of the numerical derivative of observed spectrum, black, and the scaled simulations of each axial feature, red. Conditions: Hahn echo; 2 K; microwave freq, 34.975 GHz; 20 ms repetition time; τ, 500 ns; scan time, 500 s.
Scheme 1
Journal of the American Chemical Society In fact, e−e mixing caused by the extreme "doming" of the Fe atom out of the C−C−C plane of the chelating ligand of 1 explains the "reversed" ordering of the two e orbital doublets in 1. In the simple angular overlap method (AOM) treatment 48 the extent of e−e mixing is simply determined by the angular deviation, δ ( Figure 5 ). In D 3h symmetry, one expects a ground e b , m l = ± 1, doublet; as the angular distortion, δ, increases, the e a (m l = ± 2) doublet increasingly mixes with e b . For δ > 26.56°, e a actually becomes the major component of the lower-lying, occupied doublet, causing the apparent "switch" in orbital ordering: the ground doublet becomes predominantly e a (m l = ± 2), into which is mixed a minority component of the e b (m l = ± 1) wave function.
The formal theory that relates covalency, vibronic coupling, and SOC (eq 3) is not altered in form by e−e orbital mixing, but the mixing modifies the parameters that determine the g values. The covalency parameter for the [e a ] 3 configuration of 1 becomes
where b 2 is the contribution of the e b orbitals to the nominally e a ground doublet, with an e a contribution of a 2 (a 2 > b 2 , a 2 + b 2 = 1), and this equation allows an estimate of the e−e mixing from the measured g values. Taking k 0 = 0.9, the value, k = 0.54, obtained from analysis of the g values yields as the coefficient for mixing e b into e a , b 2 ∼ 0.3. This mixing of e b into e a for 1 is large compared to the complementary mixing of e a into e b in Schrock's PJT-active [e b ] 3 Mo III −L complexes, L = N 2 , CO, NH 3 (2) . The Mo complexes are much less domed, with a deviation from D 3h of only δ = 12°for L = N 2 , and the corresponding analysis yields e−e mixing of only 5%. The PJT parameter r = 7.1 for 1 is 5.5-fold larger than that for the Mo III complexes (r = 1.3). This difference can be factored roughly equally into a more than 2-fold larger value of λ for Mo III (as both λ SOC and k of eq 3 are larger), which acts to suppress a JT distortion for the Mo complexes, and a comparably larger coupling, V for Fe V of 1 (eq 3). The larger V for 1 in turn reflects the fact that in the presence of e−e mixing, V becomes a sum of distinct vibrational contributions of both symmetries dependent on the amount of orbital mixing,
Together, these two effects drive the distortion of 1, as compared to that of the Mo III complexes, and lead to the strong JT distortion observed for this Fe(V) complex. As shown below, this large mixing of e a into e b is confirmed by DFT computations and results in the large orbital vibronic constant, r, that generates the C 3v → C s distortion in 1. Likewise, it is shown that a contribution by distortions of both e a and e b symmetries is key to understanding the properties of 1.
The model described by eqs 4 and 5 not only rationalizes the observed g values but also provides a basis for understanding the anisotropic EPR line widths. The broad g ∥ feature and much narrower g ⊥ feature ( Figure 2 ) result from a distribution in the parameter, r (eq 3), which yields a distribution in g values (eq 4), commonly referred to as 'g strain.' A distribution of width, ± δr, would yield a spread in g values of ± δg ∥/⊥ which in turn leads to a differential line broadening: (7) where the derivatives are obtained from eqs 3 and 4. The ratio of the line widths (legend to Figure 2 ) at g ∥ and g ⊥ as calculated for r = 7.1 is well described by the ratio of derivatives, eq 6; the line widths themselves correspond to a small distribution, δr ∼ ±0.02, around the average value, r = 7.1. 19, 47 ENDOR Spectroscopy. Nitride. At the low-field, g ∥ edge of the EPR signal of 1, the 14 N ENDOR spectrum exhibits a single feature at a frequency above the 14 N (I = 1) Larmor frequency, v n ∼ 4 MHz ( Figure 6 , black). An assignment of this peak as the v + = 7.8 MHz branch of a 14 N ENDOR signal from a nitride without resolved quadrupole splitting is confirmed by the corresponding spectrum for 1-15 N in which the nitride is 50% 15 N labeled ( Figure 6 , red). This spectrum shows a new peak that can be assigned as v + = 10.8 MHz from the 15 N (I = 1/2) nitride. According to eq 1, these v + peaks correspond to | A g ∥ ( 14 N)| = 9.1 MHz, and match |A g ∥ ( 15 N)| = 12.8 MHz, scaled up to a higher coupling corresponding to the ratio of the nuclear g factors, |g 15 N /g 14 N | = 1.41. 49 At the high-field edge (g ⊥ = 1.98) of the EPR spectrum, the 14 N sample (black) exhibits intense features below 8 MHz that arise from 14 N of both the carbene ligand and nitride. Partial labeling of the nitride again gives a single 15 N feature; its frequency, v + = 10.5 MHz, corresponds to a coupling, |A g ⊥ ,max ( 15 N)| = 9.6 MHz. As indicated on the spectrum, v + ( 14 N) falls at the high-frequency edge of the overall 14 N ENDOR pattern. This correlation shows that the 14 N nitride also does not exhibit a resolved quadrupole splitting at g ⊥ , as such a splitting would create a doublet centered at the indicated v + ( 14 N), but split by the 14 N quadrupole interaction. If this were the case, the higherfrequency partner of this quadrupole doublet would appear beyond the high-frequency edge of the observed 14 N ENDOR signal, contrary to observation ( Figure 6 , black).
The 15 N nitride signal overlaps with signals from 14 N at intermediate fields, but the full 15 N hyperfine tensor nonetheless could be obtained by fitting the evolution of the v + ( 15 N) branch of the spectrum as the field is increased from g ∥ until it is lost in the background 14 N signal from the imidazole-2ylidene group of the ligand. This 2D field-frequency pattern of ENDOR spectra is well described by the hyperfine tensor, | that the absence of any resolved quadrupole splittings in such well-resolved spectra, and indeed the ability to use the same ENDOR line width in simulations of the 14 N and 15 N spectra requires the components of the quadrupole interaction tensor to be vanishingly small, P i ∼ 0 MHz: P max < 0.03 MHz. To set a standard for comparison, for an R−C 14 N, P max ≈ 2 MHz. 50 As a final note about the simulations, they show that the "tailing" to low frequency of the v + features of both the 14 N and 15 N samples in spectra collected at the g ∥ = 2.30 low-field, "single-crystal-like" edge of the EPR spectrum ( Figure 7) is a result of the large EPR line width associated with g ∥ , assigned above to "g strain".
The simulations of the 2D ENDOR patterns show that all three elements of the 14, 15 N hyperfine tensors have the same sign. The absolute signs of both 14 N and 15 N tensors were determined by PESTRE measurements on the v + peaks at the fields near g ∥ , Figure 8 . Based on the criteria by which the sign of the coupling is determined by the sign of DRLδ, the measurements reveal that A( 14 N) < 0 and A( 15 N) > 0 for the nitride, with the difference in signs determined by the signs of the nuclear g n factors. 31 Thus, the final nitride hyperfine tensors are, A( 15 N) = +[12.8, 1.0, 9.6] and A( 14 N) = −[9.11, 0.71, 6.84] MHz.
Nitride Hyperfine and Quadrupole Analysis. We first address the 15 N hyperfine coupling tensor, A, which is the sum of the isotropic term, a iso , and dipolar term, T obs (eq 8). (8) The 15 N isotropic coupling, a iso ( 15 N) = +7.8 MHz corresponds to a negligible unpaired s orbital density on N. Taking a iso 0 ( 15 N) = −2540 MHz for a single electron in a 2s orbital, 49 one obtains a 2s orbital density for the nitride of 1, ρ s ≈ −3 × 10 −3 . Thus, the nitride can, in first approximation be treated as having a filled 2s orbital, with bonding to Fe involving essentially unhybridized p orbitals.
Following published procedures, 51 T obs can be uniquely decomposed into two axial contributions. One is a local contribution from spin density on N and has its unique axis along an axis (x or y) orthogonal to the Fe−N bond, T x,y loc (SI).
The second has a unique axis (z) along the Fe−N bond, T z obs , and is made up of a nonlocal (nl) contribution from throughspace dipolar interactions between the 15 N and electron spin on iron, and a local (l) contribution from 2p orbital spin density on nitrogen. The nl contribution can be estimated from the pointdipole interactions of the nitride and Fe (SI). Subtraction of the nl contribution from T obs yields the local dipolar contribution, T loc = T x,y loc + T z loc which can be viewed as arising from spin density transferred to an idealized N 3− via electron donation from filled orbitals on N to partially occupied dδ(xy, x 2 −y 2 ) orbitals on Fe V and/or polarization of the filled 2p orbitals on N. As detailed in the SI, the spin densities in the three 2p orbitals of the nitride can be estimated from T loc and are found to be quite small and anisotropic: ρ x ∼ 0, ρ y = −0.04, ρ z = −0.08. These spin densities match well the computed DFT values, presented below.
Analysis of the quadrupole interaction gives information about the charge density in p orbitals on nitride. The charge on the nitride ligand of 1 is decreased from that of an idealized nitride trianion by charge donation from the doubly occupied 2p orbitals of nitride into the empty dσ(z 2 ) and dπ(xz, yz) orbitals of Fe V . An analysis of the charge densities in the nitride 2p orbitals obtained by consideration of 14 N quadrupole interactions parallels the analysis of the spin densities based on 15 N hyperfine interactions, above. According to the approximate Townes−Dailey model for the quadrupole interaction, 50 the individual tensor elements, P i , i = 1−3, for 14 N are proportional to the asymmetry in the number of electrons in the three p orbitals:
where N̅ jk is the average of the occupancies of the two 2p orbitals orthogonal to 2p i . The upper limit on the quadrupole coupling, for all three components, |P i | < 0.1 MHz (Figure 7 , top), implies that |N i − N̅ jk | < 0.003 (taking e 2 Qq 0 = −9 MHz for 2p orbital of 14 N) 50 for the three 2p orbital populations, namely that, each 2p orbital donates electrons equally to Fe and donation from the nitride 2pσ orbital along the Fe−N axis equals the average donation from the 2pπ orbitals orthogonal to it, leaving the charge density on the nitrogen atom with spherical symmetry. This analysis does not, however, indicate the actual extent of charge donation (denoted, d), nor give information about the actual charge of the nitride, N −(3−d) .
Nuclei of the Tripodal Ligand. 11 B. Mims ENDOR spectra reveal well-defined quadrupole splittings of the v + and v − branches from an 11 B with small hyperfine and quadrupole couplings, Figure 9 . The 2D field frequency pattern can be described by an axial hyperfine tensor, A = [1.1, −1.45, −1.45] MHz, and an axial quadrupole interaction, P = [0.24, −0.12, −0.12] MHz, each coaxial with g, with the unique component of each tensor lying along g ∥ (Figure 9 the spin density on 11 B is negative, as predicted computationally (see below), and arises from spin polarization, as does the negative spin density of the nitride.
The 11 B quadrupole tensor has axial symmetry, indicating that the three B−N bonds are equivalent, with effective C 3v symmetry at boron, in keeping with the crystal structure. The small value of the experimentally derived quadrupole coupling parameter, e 2 qQ = 2P 1 ≈ 0.5, compared to the intrinsic coupling constant for a single 11 B electron in a 2p orbital: |e 2 qQ 0 | ≈ −5.3 MHz, is shown in SI to follow for the trigonal sp 3 boron with three B−N single bonds and a single B−C bond.
It is interesting to further note that the breadths of the three peaks in each of the v ± manifolds increase with the m I index of eq 2. 52 This implies the presence of a small "quadrupole strain" that is correlated with a small "hyperfine strain", this correlated variation in A and P associated with the "g strain" discussed above and well simulated for the 11 B ENDOR pattern by the inclusion of anistotropic hyperfine ENDOR line widths, providing more width along g ∥ match the wider EPR line width. 13 C. An isotropic hyperfine natural abundance 13 C Mims ENDOR pattern was found with a iso ∼ 0.9 MHz; no signals are detected from 13 C with a larger coupling as anticipated from Fe−C bonds ( Figure S1 ). We surmise that signals from the coordinated carbene 13 C, which are expected to be strongly coupled (see below) are too broad and weak to be detected in natural abundance, and that the observed signal is associated with the "distant" 13 C of the imidazole-2-ylidene group of the ligand. 14 N. The low-frequency 14 N peaks observed at fields approaching g ⊥ arise from 14 N of the tridenate ligand as noted above (Figure 6 and 7) . The six poorly resolved nitrogen signals are simulated together as shown in Figure S2 .
Electronic Structure Computations. Here, we use SO-DFT methods to estimate the relative magnitudes of PJT and SOC effects. Although the DFT methods reproduce the ground state geometries, the CASSCF/NEVPT2 treatment results in a substantial improvement when describing the subtle aspects of the spin-density and state energetics responsible for the measured hyperfine, quadrupolar, and g tensors. We discuss in detail the consequences of a strong PJT effect on FeN bonding, which leads to an orbital model that describes the electronic origin of the PJT distortions and the nature of the these distortions. Here, we define z as along the Fe−N bond, and the computational analysis of the hyperfine (vide inf ra) provides a convenient definition of x and y, with the xz plane being defined as the C s plane of symmetry and containing N, Fe, and one of the carbene C atoms.
Energetics of the JT Effect. The formal two-state model described above can be understood at a fundamental level by employing a complete active space self-consistent field (CASSCF) approach to the electronic structure of 1. Such a multireference wave function method is required for handling problems with ground state orbital degeneracy or neardegeneracy, as discussed for the trigonal Mo III −N 2 system by McNaughton et al. 19, 47 The qualitative molecular orbital diagram for the DFT geometry-optimized (JT-distorted) 1 that results from these calculations is depicted in Figure 10 .
The degeneracy of the Fe e a orbital set [d(x 2 −y 2 ),d(xy)] is removed by a combination of the JT distortion and SOC within the 2 E ground state. However, in 1 the Fe SOC constant is smaller and the vibronic coupling much stronger than in the case of the Mo III −N 2 system (2, see above). 19, 47 Thus, selfconsistent SO-DFT calculations on the high-symmetry (C 3v ) optimized 1 reveal that the SOC splitting of the 2 E state is only ∼300 cm −1 , more than an order of magnitude smaller than the DFT calculated JT stabilization energy of ∼4000 cm −1 . As a result, in the DFT computations it is more convenient to determine the vibronic distortion of 1 by optimizing the structure hierarchically, first optimizing the geometry of 1 as a CASSCF/NEVPT2 calculations performed on this geometryoptimized structure yield g ∥ = 2.48 and g ⊥ = 1.98. The computed g ⊥ = 1.98 is in excellent agreement with the experimental value, and the computed g ∥ = 2.48 is in qualitative agreement with the experimental value of g ∥ = 2.30. The deviation of the computed g ∥ from the experimental value primarily arises because the calculations underestimate the splitting of the 2 E ground state due to the JT distortion. TD-DFT calculations have been used to provide an estimate for the 2 E level splitting of ∼4000 cm −1 , whereas the CASSCF/ NEVPT2 method results in a smaller calculated splitting of ∼2900 cm −1 for the 2 E ground state. Manual adjustment of the diagonal energies used in the g tensor calculation of the 2 E → 2 E (e a(y) → e a(x) ) state energy gap to 4000 cm −1 results in improved agreement (g ∥ = 2.40) with the experimental g ∥ without affecting other parameters. This is indicative of the extreme sensitivity of g ∥ to this energy gap parameter. This process of determining the 2 E(e a(y) −e a(x) ) splitting from g ∥ is analogous to deriving the PJT parameter, r, from g values.
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The SOMO wave function of the geometry-optimized structure, calculated by CASSCF/NEVPT2, possesses 55% d(x 2 −y 2 ), 19% d(xy), 14% d(xz), and 5% N p(x) (i.e., 20% e b ) orbital character, in excellent correspondence with the e a −e b adjusted LF model. The relative orbital contributions to the SOMO result from a combination of strong e a −e b mixing and the strong JT splitting of the 2 E ground state. Taken together, these effects result in a small rotation of the nominally "in plane" SOMO out of the molecular xy plane and into the molecular yz plane. This also provides a mechanism for a small degree of N p x character admixed into the SOMO which has implications for understanding the nature of the 14 N and 15 N hyperfine tensors, vide inf ra. Finally, the 14% d(xz) metal character present in the SOMO explicitly demonstrates and confirms the strong e a −e b mixing inferred from the nonphysically small value of the "covalency" parameter, k, derived in the formal analysis of the g values.
Vibronic Coupling. This description of e a −e b orbital mixing introduces a mechanism by which quadratic JT effects can contribute to the static vibronic distortion observed in 1. The vibronic coupling operator, W(r,Q), is commonly written as an expansion in normal coordinates, Q:
where Q Γ and Q Γ′ are a general normal coordinates. The first term gives matrix elements of the form:
where the F Γ (ij) are the linear vibronic constants, the Ψ n , are electronic states of the molecule, and Q Γ is a normal coordinate of the molecule. These vibronic constants can be diagonal (i = j, normal JT effect) or off-diagonal (i ≠ j, PJT effect, i.e., mixing of different electronic states that are split from each other by SOC), depending upon the symmetry of the active normal mode and the energy splitting of electronic states. The linear vibronic constant involving a 2-fold degenerate electronic state and 2-fold degenerate vibration (E × e problem) gives rise to the JT distortion and distorted APES. This is illustrated by the APES in Figure 3a , commonly known as the "Mexican hat" potential, with the F ij corresponding to a component of the V vib in the formal PJT theory. This surface leads to a dynamic system, where the molecular distortion freely pseudorotates through the circular vibronic minimum unless an additional potential (V L in the formal theory) is applied, localizing the distortion by modifying the APES. The second term in the vibronic operator expansion results in matrix elements known as the quadratic vibronic constants, G Γ
(ij)
: 12) where i ≠ j. Nonzero values of G ij result in a further warping of the APES to give the "tricorne hat" potential ( Figure 3b ) which has three distinct minima. If the barrier between the tricorne hat minima is greater than the available thermal energy (kT), the molecule is trapped with equal probability in one of the three wells and becomes statically distorted, even in the absence of any external potential, V L . To understand the orbital contributions to the JT effect, the above linear integral vibronic constants can be written as a sum of orbital vibronic constants:
which allow for an intuitive orbital description of the electronic structure effects that lead to a PJT distortion.
To map out the JT potential energy surface for 1, we first attempted to project CASSCF-derived Cartesian geometry differences onto particular vibrational modes. It was intended to use these modes as an APES scan coordinate, beginning at the three-fold symmetry point, allowing for determination of JT parameters by curve fitting. To begin, a high symmetry geometry was obtained by averaging the CASSCF wave function over both components of the lower E level, while a low-symmetry geometry was obtained by optimizing the geometry of the ground state only. Next, the Cartesian differences were projected onto the normal modes obtained by a vibrational frequency calculation at the high symmetry (C 3v ) geometry. However, as observed with 2 47 the distortion was described as a linear combination of several normal modes, precluding a straightforward normal mode scan. As a reasonable approximation to the full PJT APES, we used DFT geometry scans to determine the energetics of the C−Fe−N angle (nitride "tilt", Figure 11 , left) and a N−Fe−B−C dihedral (nitride "rotation", Figure 11 , right) distortions, which result in two slices of the full 2D JT APES. This provides a qualitative description of the APES, and enabled the identification of several features characteristic of a quadratic JT effect, including three global minima with saddle points opposite each minimum.
As seen in Figure 11 , a DFT geometry scan of any one of the three symmetry-equivalent C−Fe−N nitrido bends yields a minimum positioned opposite a maximum, indicating that the APES of 1 corresponds to the tricorne hat associated with a quadratic JT effect, with each of the three maxima corresponding to saddle points along the slice of the APES described by the B−Fe−N bend. The APES scan reveals a crossing in the energies of the d(xy) and d(x 2 −y 2 ) (i.e., e a (1) and e a (2) in C 3v symmetry) orbitals as a function of nitride bending. This conical intersection at the high-symmetry (C 3v ) point of instability is suppressed when 1 is treated as a PJT system, and SOC and vibronic coupling are treated in parallel, rather than hierarchically. Although these gas phase calculations clearly indicate the presence of a quadratic JT distortion, this does not preclude contributions from an additional V L term in the condensed phase. The presence of a V L contribution arising from environmental effects would further distort the APES by tilting the tricorne hat and localizing the experimentally observed C s distortion along one slice of the otherwise threefold degenerate JT APES.
With respect to the relative magnitudes of V vib and V L , it was previously determined that V vib > V L for compound 2. The presence of strong e−e orbital mixing in 1, which is found even in rigorously C 3v calculations (but which would be absent in D 3h ), contributes to a markedly stronger V vib contribution in 1 (Figure 12 ). This is evidenced by the strong reduction in g tensor anisotropy for 1 compared with 2, and the appearance of a rhombic 14,15 N A tensor. Taken together, this suggests that the large V vib contribution to V leads to a strong quadratic JT perturbation on the ground state APES of 1, with any V L contribution being of secondary importance. The effect of the strong e−e mixing is also clearly evident in the Fe−N bonding scheme, which provides an orbital description for the origin of the JT distortion. In the absence of e−e mixing (Figure 12 , left) the d(xy) and d(x 2 −y 2 ) orbitals lie in the molecular xy plane and are therefore nonbonding with respect to the Fe−N interaction. This results in the orbital vibronic constants being zero, no orbital driving force for a symmetry-lowering JT distortion, and an axial 14, 15 N A tensor. The e−e mixing ( Figure  12 , right) tilts the d(xy) and d(x 2 −y 2 ) orbitals out of the molecular plane and introduces nonzero linear and quadratic orbital vibronic constants. As a result the JT effect is now active and the molecule can distort, removing the three-fold symmetry (C 3v → C s ).
We have shown that distortion of 1 along the nitride bending coordinate (i.e., the C−Fe−N angle, see Figure 11 ) changes the d orbital manifold in several ways (Figure 13 ). Depending on whether the direction of the orbital tilt is toward a minimum or a saddle point of the APES, a different electronic state (A′ or A″, in C s symmetry) is selected. This is based on the specific nature of the antibonding interactions between the iron e orbitals and nitrido p x,y orbitals. We find that the minimum on the APES is the A′ state with an [a″] 2 [a′] 1 electronic configuration. Figure 13 depicts how the nitrido bending decreases the Fe−N π-antibonding interaction in the doubly occupied a″ orbital and increases the Fe−N pseudo-σ antibonding interaction for the singly occupied a′ orbital. Conversely, the A″ state that possesses an [a′] 2 [a″] 1 electronic configuration is a saddle point on the APES. As the A′ state is the ground state, the bending-induced reduction in the Fe−N π-antibonding interaction dominates over a reduction in the pseudo-σ antibonding interaction in determining the nature of the low-symmetry distortion and ground state of 1.
Spin-Hamiltonian Parameter Computations. Here we analyze hyperfine and quadrupolar couplings in the context of spectroscopic and bonding calculations using spin-unrestricted DFT CASSCF/NEVPT2 methods. The computational results are interpreted in the context of e−e orbital mixing, which provides a mechanism for a quadratic JT effect that contributes to the observed static vibronic distortion of 1. 14 N Nitride Hyperfine Interactions and the g-tensor. Spinunrestricted DFT calculations show a markedly larger 14 N dipolar hyperfine than observed by experiment (Table 1 ). This Journal of the American Chemical Society Article dx.doi.org/10.1021/ja505403j | J. Am. Chem. Soc. 2014, 136, 12323−12336 increased 14 N hyperfine arises from an overestimation of iron− nitrogen orbital mixing in the SOMO, also described as an imbalance in the relative contributions of ionic and covalent terms in the CI expansion of the wave function. CASSCF/ NEVPT2 calculations provide much-improved 14 N hyperfine and g tensor components ( Table 1) . Calculations of the 57 Fe quadrupole splitting also have been made and are in excellent agreement with the experiment (see SI). This improvement does not appear to be due to any inherent multireference character of 1 (as compared to the strong multireference character in 2), as the JT distortion of 1 results in a predominately single-reference wave function (>80%). The poor agreement between the experimental g tensor and that obtained by DFT likely arises from a large out-of-state SOC with the first excited 2 E state; the magnitude of the spin-orbit mixing is large and is likely out of the range appropriate for linear-response DFT g tensor calculations implemented in ORCA. 53 Alternatively, overestimation of Fe−N covalency results in an excess of spin delocalization away from Fe, reducing the g-shifts by a reduction in metal spin density. It must be emphasized that the computational errors in the DFTderived spin density are not large absolute errors, as the spin density accounts for only a vanishingly small fraction of the total charge density.
The nitrogen spin density is subtly, but critically, different in the two computational descriptions of the electronic structure. The DFT computations predict a simple delocalization of spin from the nominally "non-bonding" (predominantly e a ) Fe orbitals into the Fe−N π* (e b ) orbitals that is enabled by the e a −e b Fe d orbital mixing. This mixing is extremely important, as it results in a large transfer of positive spin density from the Fe to the terminal nitrido, and a markedly larger dipolar hyperfine component. The CASSCF calculations suggest a large asymmetry in the spin density that correlates with the computed principal components of the 14 N hyperfine tensor ( Figure 14 ). The CASSCF calculations describe a toroidal spin density distribution about the terminal nitride, with larger lobes of spin localized in the molecular yz plane and reduced negative spin density along the x-axis ( Figure 14 ). This reduction in spin density along the x-axis arises from a near cancelation of negative and positive spin density along this axis, with the latter arising from FeN covalency. As depicted in Figure 12 , the rotation of the nominally "in-plane" SOMO about the molecular y-axis allows for a small degree of N p x character to be admixed in the SOMO wave function, and this provides a mechanism for a small positive contribution to the spin density at the terminal nitride along the x direction. This orbital rotation is present even in rigorously high (C 3v ) symmetry, underscoring key contributions from the strong carbene ligand field and the extreme "doming" of the Fe atom out of the C− C−C plane of the chelating ligand. We note that in the approximate C s geometry of JT distorted 1, positive spin populations cannot occur in the molecular y and z directions via a spin delocalization mechanism, since there is no covalent mixing of the N p y or p z orbitals in the SOMO of 1. Negative contributions to the nitride spin density arise from spin polarization of the N p x , p y , and p z orbitals by the spin on Fe, which can be described by configuration interaction. In contrast to the anisotropic spin distribution, the terminal nitride maintains a nearly spherical charge distribution, as evidenced by the small experimental and calculated quadrupole coupling constants. Thus, the combined effect of spin delocalization and surprisingly large spin polarization do not appear to grossly affect the overall charge distribution on the terminal nitride. 14 N Nitride Quadrupole Coupling. The DFT computations indicate that the electronic origin of the near-spherical nitride charge density is not simple, arising from two competing effects. The overlap integral between the filled 2pσ of nitride and empty 3d(z 2 ) of Fe is expected to be much greater than that between the two filled 2pπ nitride orbitals and the empty 3d(xz/yz) orbitals on Fe which would enhance σ donation. However, previous work 15 shows that the Fe 3d(z 2 ) orbital is significantly hybridized with the Fe 4p(z) orbital, and this hybridization substantially contracts the d(z 2 ) lobe that is oriented in the direction of the nitride. This has the effect of reducing the 2pσ−3d(z 2 ) overlap and the amount of N p(z) → Fe 3d(z 2 ) charge donation. These competing effects lead to the experimental 14 N hyperfine and quadrupole results for 1, which show that σ and π donation are nearly equivalent.
The DFT computations capture the near spherical nature of the nitride, as a small anisotropy in the Mulliken orbital populations, N ∥ − N̅ ⊥ = 0.06 and a small calculated e 2 qQ. This is in quite satisfactory agreement with the small orbital population difference approximated with the Townes−Daily analysis of the 14 N ENDOR data; in both cases the absolute differences correspond to only a small fraction of an electron. Using the CASSCF-computed population asymmetry of 0.06, a simple Townes-Daily analysis (eq 9) yields e 2 qQ = −0.54 MHz (i.e., 0.06*e 2 Qq 0 = 0.06*(−9) MHz for 2p orbital of 14 N), 50 which is in very good agreement with e 2 qQ = −0.48 MHz obtained from the more sophisticated field gradient integration using ORCA. 35, 54 In summary, the computational and experimental results both highlight the nearly spherical electron density at the terminal nitride.
Computed Hyperfine Interactions of the Tripodal Ligand. The DFT calculations yield an axial 11 B hyperfine tensor, A = [1.16, −1.89, −1.97] MHz, a iso = −0.9 MHz, in excellent agreement with the experimental tensor, A = [1.1, −1.45, −1.45], a iso = −0.6 MHz. This small isotropic coupling to B reflects the small spin delocalization onto this atom (∼ −0.04% of an unpaired 2s electron 49 ) as expected for a coordinatively saturated boron that cannot form a bond to Fe. In contrast, the calculations yield large, nearly isotropic hyperfine couplings to the carbene 13 C which form strong covalent bonds to Fe: a iso = −38, −38, and −35 MHz, the difference reflecting the experimentally observed lowering of symmetry from C 3v to C s . Clearly the carbene carbons are predominantly sigma donors to the metal. The spin populations on these carbon atoms derive from a combination of spin delocalization (+ density) and spin polarization (− density). The spin polarization mechanism appears to dominate, and this suggests configuration interaction contributions from carbene → Fe LMCT involving empty d orbitals on Fe.
The tripodal ligand imidazole-ring carbons not bound to the Fe exhibited small, roughly isotropic couplings, with a iso ranging from 0.1−0.9 MHz. The observed natural-abundance 13 C couplings correspond the those predicted for the nonbound 13 C of the imidazole ring. Signals from natural-abundance bonded carbons are not observed, the large couplings expected are invariably accompanied by large ENDOR line widths, rendering the signals unobservable.
■ DISCUSSION
Complex 1 has been shown to generate high yields of ammonia under very mild conditions, using water as the proton source, revealing its relevance to potential intermediates in the nitrogen fixation process. 9 This compound also represents a key molecule for investigation of possible nitride intermediates both in the industrial Haber−Bosch process and of the proposed "distal" pathway of nitrogen fixation in nitrogenase. Furthermore, as a d 3 , S = 1/2 complex that exhibits a JT-active orbitally degenerate 2 E ground state in trigonal symmetry, 1 exhibits properties that cannot be explained without extending our approaches to understanding of the electronic and vibronic structure of such systems.
The experiments presented here have determined key ligandfield parameters of 1 as revealed in the g tensor, and probed the nature of the axial nitride ligand. Analysis of the g tensor of 1 implies extremely strong vibronic coupling, markedly stronger than the SOC, which is seen crystallographically in the strong first-order JT distortion of the trigonal 2 E state (C 3v → C s ), with the apical nitride tilted off of the D 3h z-axis ((B−Fe−N) = 173.6°). The small g anisotropy of 1, corresponding to a large value for the formal-PJT distortion parameter, r = V/λ ∼ 7, contrasts with the extreme g anisotropy and small distortion parameter, r ∼ 1.3, for the d 3 , S = 1/2 [HIPTN 3 N]Mo III L complexes (L = N 2 , CO, NH; [d(xz),d(yz)] 3 ). The formal PJT analysis previously used successfully to describe the Mo complexes implicitly assumed an idealized D 3h trigonal geometry, which splits the five d orbitals into two degenerate e orbital pairs [d(x 2 -y 2 ),d(xy)] (e a ; m l = ± 2) and [d(xz),d(yz)] (e b ; m l = ± 1), plus a single nondegenerate a orbital. However, the strong "doming" of 1 (as measured by the N−Fe−C angle, δ = 30°) lowers its idealized trigonal symmetry to C 3v , and this feature requires that analysis of the g tensor explicitly incorporate the e−e mixing allowed in C 3v symmetry, as originally described by Telser and McGarvey. 48 The resulting analysis reveals strong e−e mixing (30%), which explains the reversed ordering of the e doublet levels, and is required to obtain physically meaningful parameters. This mixing in 1 increases r through comparable changes in vibronic coupling (increase in V) and the effective SOC constant, λ (decrease in covalency parameter, k (eq 3) 55,49 ) relative to those for the Mo complexes. The difference between 1 and the Mo complexes indeed can be understood as being largely attributable to a much smaller Mo doming, δ = 12°, and correspondingly smaller e−e mixing.
The quantum-chemical calculations provide deeper insight into the electronic structure of 1, and explain in detail the orbital origin of the parameters of the formal theory. While the extended formal PJT successfully captures the extent of e−e mixing, (∼30% e−e mixing in 1), the DFT computations provide key information regarding the specific orbital character of the SOMO. The e a −e b mixing revealed by the CASSCF wave function includes a SOMO wave function comprised of 55% d(x 2 −y 2 ), 19% d(xy), 14% d(xz), and 5% N p(x) (i.e., 20% e b ) orbital character. Combined high-and low-symmetry SO−DFT and CASSCF/NEVPT g tensor calculations on 1 further support a hierarchical treatment of the competing JT and SOC Hamiltonian terms. They show that the spin-orbit splitting of the undistorted 2 E ground state is approximately an order of magnitude less than the first order splitting induced by the JT distortion, and as a result the problem may be more conveniently understood by first treating a dominant JT vibronic distortion of the 2 E ground state in which the orbital angular momentum is quenched, then reintroducing SOC as a perturbation in calculating the g tensor of the C s distorted complex.
The ENDOR determination that the 14, 15 N nitride ligand hyperfine tensor is highly rhombic ( Table 1 ) clearly reveals that the C 3v → C s distortion observed in the X-ray structure likewise occurs in solution, further supporting the dominant role of a strong first order JT effect. However, the magnitude of the 14 N hyperfine anisotropy of the nitride is small, and the quadrupole interaction is negligible. These results support an FeN bonding description in which the Fe V ion binds an essentially spherically symmetric nitride ion with equal donation to Fe V from each of the 2p N orbitals, N −(3−d) , where d represents the total charge donation to Fe. This is surprising, as it might intuitively be expected that charge donation from the N 2pσ to the Fe would be more effective than from a 2pπ orbital, resulting in a smaller orbital population in the 2pσ orbital (N ∥ ) than in the 2pπ orbital (N ⊥ ).
Our analysis of the 14 N hyperfine and quadrupolar interactions results in a very detailed description of FeN bonding in 1. The short, strong FeN triple bond derives from very strong and nearly equivalent N nitride → Fe σ and π electron donation as reflected in the small 14 N quadrupolar coupling. In contrast to the vanishingly small quadrupolar interaction, the 14 N hyperfine is markedly rhombic in nature. The observed rhombicity is a reflection of the interplay between spin delocalization, which involves frontier e−e dorbital mixing (i.e., changes to the SOMO by e a /e b mixing), and spin polarization that arises from configurational mixing that involves e → e LF/CT states. We note that the anisotropic hyperfine coupling is a function of atomic spin population dif ferences, whereas the quadrupole coupling depends on orbital charge population dif ferences. As a result, neither parameter gives an experimental value for the total degree of N nitride → Fe electron donation (d). A Mulliken population analysis performed on 1 ascribes a total Mulliken charge on the terminal nitride of −0.2e. This corresponds to d = 2.8, and supports a large nitride → Fe electron donation in 1.
Electronic structure calculations also give insights into the reactivity of 1 with respect to proton or hydrogen atom transfer at the nitride. In C 3v symmetry, the degenerate e a and e b orbitals can mix. Moreover, the nitride p x and p y orbitals also possess e symmetry in C 3v and can therefore mix with the Fe e a and e b orbitals. Since the nitride 2p z orbital does not possess the required symmetry to mix with the Fe e a and e b orbitals, the nitride p orbital components of the frontier e orbitals are oriented perpendicular to the z-axis defined by the FeN bond. Orbital overlap considerations thus would dictate that proton or H atom attack on the terminal nitride of 1 in its idealized C 3v symmetry would be most favorable when the hydrogen approaches the nitride in the x-or y-direction, parallel to the tripodal plane and the FeN bond, an approach that would involve steric hindrance to N−H bond formation and raise the activation energy barrier for N−H bond formation.
However, the strong vibronic JT distortion lowers the symmetry of 1 from C 3v to C s , splits the e a degeneracy and tilts the nitride off of this z-axis. This tilt mixes nitride p z character into one component of the JT split e a orbital set, and in doing so selects for a specific nitride p orbital that is directionally predisposed for either proton or H atom attack on the FeN frontier orbitals. This distortion stabilizes an A′ ground state with an (a″) 2 (a′) 1 electronic configuration. The singly occupied a′ orbital possesses a p z component with a directionality and orbital occupancy (1e) that favors the transfer of an H-atom to form a covalent N−H bond. In contrast, the transfer of a proton to the nitride anion in the A′ ground state of 1, would be expected to involve the doubly occupied a″ orbital, which does not effectively present itself for electrophilic attack along z by a proton. The resulting steric hindrance would increase the activation barriers for proton transfer in this geometry. Interestingly, at elevated temperatures the A″ excited state will be populated (note that this is a saddle point with an (a′) 2 (a″) 1 electronic configuration). In the A″ state, the a′ orbital is doubly occupied and this favors attack by a proton. Thus, a guiding principle for activating the MN nitride for protonation is symmetry lowering, specifically orienting the nitride off of the C 3 or C 4 axis of high-symmetry catalytic sites in order to direct a doubly occupied frontier orbital with considerable N p z orbital character for protonation.
■ CONCLUSIONS
Our investigation of the electronic structure of 1 by EPR and ENDOR spectroscopies in combination with electronic structure calculations were directed toward understanding the unusual bonding interactions in this four-coordinate iron nitride complex and the electronic origin of its signature spin-Hamiltonian parameters. This report introduces advances in the formal first-order PJT formalism that treats the vibronic JT effect in parallel with SOC for metal-ion complexes of C 3v symmetry. Strong e−e mixing (30%) resulting from significant "doming" of Fe out of the tripodal ligand plane explains the reversed ordering of the e doublet levels, and is required to obtain physically meaningful vibronic parameters from the g values for 1. The electronic ground state differences between 1 and analogous Mo complexes indeed can be understood as being largely attributable to a much smaller Mo doming, with correspondingly smaller ee mixing.
A parallel development of a hierarchical DFT/CASSCF treatment of JT and SOC effects, including advanced bonding and spectroscopic computations, shows in detail how e−e mixing and a strong JT distortion in 1 control both the electronic structure and chemical reactivity of the FeN. In the absence of e−e mixing, there would be no nitride p orbital character in the e a frontier orbitals due to the absence of overlap (see Figure 13 ). The JT distortion splits the degeneracy of the e a orbital set, lowers the symmetry to C s , and mixes nitride p z character into one orbital component of the JT split e a orbital. This stabilizes an A′ ground state that favors the transfer of an H-atom to form a covalent N−H bond, and disfavors proton transfer. At elevated temperatures, the A″ excited state with an (a′) 2 (a″) 1 electronic configuration can be populated. Here, the doubly occupied a′ orbital possesses nucleophilic character and a component along the z-direction. Thus, the A″ state favors attack by a proton. This combination of orbital mixing and vibronic activation has significant implications regarding a trigonal Fe site in nitrogenase and/ or industrial catalysts for the conversion of nitrogen to ammonia.
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